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Abstract
A series of plate impact experiments on alumina was conducted using a light gas gun in order to further investigate Hugoniot elastic limit (HEL)
and failure properties of alumina under shock compression. The velocity interferometer system for any reflector (VISAR) was used to record the
rear-free surface velocity histories of the alumina samples. According to the experimental results, the HELs of tested alumina samples with
different thicknesses were measured, and the decay phenomenon of elastic wave in shocked alumina was studied. A phenomenological expression
between HEL and thickness of sample was presented, and the causes of the decay phenomenon were discussed. The propagation of failure wave
in shocked alumina was probed. The velocity and delayed time of failure wave propagation were obtained. The physical mechanism of the
generation and propagation of failure was further discussed.
© 2016 China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction
The interest to investigate the behavior of ceramics subjected
to high velocity impact evolves mainly from their importance to
manufacture the light-weight armor composites. The compres-
sive strength and failure characteristics of ceramic armor under
shock loading are the important factors for analyzing a ballistic
performance against the penetrator. Understanding of the prop-
erties of the compressive strength and failure of ceramics under
impact loading is essential in the design of improved impact
resistant materials for dynamic structural and armor applications.
The Hugoniot elastic limit (HEL) is interpreted as the limit
of elastic response and the onset of failure under dynamic
uniaxial strain loading, which is used extensively in high veloc-
ity impact dynamics. During the past decades, the flyer plate
impact test has been the most frequently reported experimental
technique for measuring the HEL of material. The previous
experimental results showed an interesting phenomenon of that
the elastic precursor amplitude decreased with propagation dis-
tance in the alumina sample, which was termed as precursor
decay [1–4]. However, Refs. [5,6] presented the conflicting
results that no sign of such precursor decay was observed in
tested alumina.
The failure wave, which is one of the most important discov-
eries in impact dynamics field over the last 20 years, is a new
brittle failure mechanism of some brittle materials, such as glass
and ceramics, etc., under compressive shock loading. It was
observed by Rasorenov [7] and Kanel [8] through an observation
of a small recompression signal on the free surface velocity
history of shocked K19 glass. Continuing efforts have been made
to confirm the existence of failure waves in other types of glasses
[9–12] and ceramics, such as alumina [13,14], silicon carbide
[15] and boron carbide [16]. The formation and propagation
mechanisms of this failure phenomenon have been proposed over
the last two decades. However, the understanding of the failure
wave phenomenon is still far from complete because there are
some disagreement and controversy between the available data
and theoretical predictions. For example, up to now, it is not sure
whether the propagating velocity of failure wave, which is a
crucial parameter to characterize the failure wave phenomenon,
is a constant or not under a certain dynamic loading. Refs. [7,8]
reported that the failure wave velocity decreased with the
increase in propagation distance in shock loaded materials.
However, more researchers believed that the failure wave veloc-
ity in brittle materials is constant with the given external loading
and increases with the increase in loading intensity. In this paper,
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the velocity of failure wave in shocked alumina was measured by
the VISAR technique. And the formation mechanism of failure
wave of alumina was further analyzed.
2. Experiment
The density of the tested alumina, ρ0, is 3.896 g/cm3, the
measured longitudinal wave velocity cl is 9.259 km/s, the shear
wave velocity cs is 5.557 km/s, and the Poisson ratio v is 0.218.
The calculated sound velocity corresponding to the volume
compressibility of the material is
cb cl v v= =+( ) −( )1 3 1 6 671. .km s
The composition of the tested alumina consists of 92.85%
Al2O3, 4.89% SiO2, 0.36% CaO and 1.90% La2O3 by weight.
We studied the samples in the form of disks with 40 mm in
diameter and 4, 6, 8 and 10 mm in thickness. A 6 mm thick
copper flyer was designed with the longitudinal wave velocity
of 3490 m/s.
The double-thickness target developed in the study is shown
in Fig. 1, in which two sub-targets are embedded into a two-hole
target ring, with the impact surfaces of both the target ring and
two sub-targets being rigorously set on one plane. The plate
impact experiments under the one-dimensional strain condition
were carried out on a Φ100 mm one-stage light gas gun, and
two free surface velocity histories of each sub-target were
recorded simultaneously by the VISAR technique. Impact
velocities were measured to 1.5% accuracy using three pairs of
electric signal pins and were all in the range of 439–445 m/s. So
the samples were considered to undergo the same compressive
state approximately.
3. Results and discussions
Fig. 2 shows the measured free surface velocity profiles of
alumina samples with different thicknesses. These profiles
show an initial elastic precursor wave followed by the onset of
a dispersive inelastic wave which characterizes the material
yielding. The onset point is denoted as HEL, which can be
determined by the well-known relation
σ ρH l H=
1
2
0c u (1)
where ρ0 is the density of alumina, cl is the longitudinal wave
velocity, and uH is the free surface velocity.
However, the free surface velocity profiles of alumina show
that the transition from elastic phase to inelastic phase occurs
gradually. There is no sharp distinction between the elastic part
and inelastic part. The rounded transition from the elastic part
to inelastic part makes the unambiguous determination of HEL
value difficult. We tried to distinguish a turning point of elastic
phase to inelastic phase in Fig. 2, and obtained σH of alumina
using Eq. (1), as shown in Table 1. It is noted that the HEL of
alumina obtained in the present study ranges from 4.41 GPa to
5.59 GPa. These data and the HELs of other aluminas [4,17,18]
similar in composition are presented in Fig. 3. It is shown that
the HELs of tested alumina are lower than the data presented by
others. The difference in the value of σH here may be attributed
to the differences in the composition, density, preparation
process of samples, or the distinction of turning point.
In order to investigate the properties of HEL of alumina
under shocked loading, the HELs of tested alumina were
plotted against the thicknesses of samples in Fig. 4. It is found
that HEL of alumina decreases with the increase in sample
thickness, which is termed as the elastic precursor decay. This
phenomenon is considered to be similar to the phenomenon of
size effect of other brittle materials, such as concrete and rock,
namely the strength of brittle material decreases with the
increase in its volume. However, the physical mechanism of this
phenomenon is very complex and no complete satisfactory
theory exists presently. A simpler model has been proposed to
describe the size effect of brittle materials under compression
Y A AD k= + −0 1 (2)
Fig. 1. Schematic diagram of double-target impact experimental setup.
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where Y is the dynamic yield strength of material, D is the
volume of sample, and A0, A1, and k are positive parameters. k
is determined to be 0.4 for brittle materials [19]. In the present
paper, Y is related to σH through the well-known relation
Y
v
v
=
−
−
1 2
1
σH (3)
where D can be represented as πr2h. Because v and r are
constants, Eq. (3) can be rewritten as
σHEL = + −A Bh0 0 4. (4)
A0 and B can be determined to be 3.04 and 3.84, respectively,
by fitting the experimental data shown in Fig. 4.
Murray et al. [4] studied this phenomenon in three grades of
alumina through the stress–time measurements, and showed that
the precursor decay effect was the greatest in the low purity
aluminas. However, the further analysis [20] revealed that this
phenomenon was probably a measurement artifact, resulting
from the relatively slow response time of mangan in gauge.
Obviously, the data obtained in our experiments did not support
this point of view, which showed an apparent decay in HEL
with the increase in sample thickness. VISAR is a non-contact
Fig. 2. Free surface velocity profiles of shocked alumina in present experiments.
Table 1
Hugoniot elastic limits of alumina ceramics.
No. Hsample/mm uH/(m·s−1) σH/GPa
a 4 271.59 4.90
309.74 5.59
b 6 277.43 5.00
264.87 4.78
c 8 279.41 5.04
251.17 4.53
d 10 257.36 4.64
244.38 4.41
Fig. 3. HELs of aluminas under shock loading.
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technique without measurement errors existing in stress mea-
surement, so it can be deduced that this phenomenon is an essen-
tial characteristic of the alumina under shock loading. The HEL
is known as a point of transition from elastic response to inelastic
response, so the phenomenon of elastic precursor decay should
be studied combined with the failure mechanism of shocked
alumina. The previous works reported that cracking, dislocation
activity and twinning were observed in shock-loaded alumina,
even when the peak-shock stress is less than the magnitude of
HEL [21–27]. In authors’ opinion, the failure process occurring
below HEL may play the dominant role in the phenomenon of
elastic precursor decay. As is known to all, the evolution process
of cracking or plasticity is an energy dissipation process essen-
tially. In the region behind the elastic precursor wave, the preex-
isting microdetects act as stress concentrators and provide the
nucleation sites for damage evolution, which dissipate the elastic
energy. Thus, the longer distance the elastic wave passes through,
the more elastic energy will be dissipated, which causes the
amplitude of elastic wave decay.
From the free surface velocity profiles, we can also observe
the apparent recompressive wave signals which are marked by
dashed line in Fig. 5. This phenomenon is interpreted as a failure
wave. It follows from consideration of the time–distance diagram
shown in Fig. 5 that the failure waves meet the unloading waves
reflected from the free surfaces of the samples with different
thicknesses at the distance xi and time ti, as determined by Eq. (5)
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Here, the longitudinal wave velocity cl in the sample is
assumed to be a constant during wave propagation. The arrival
time t1i of failure waves can be obtained from the free surface
velocity profiles. The failure wave trajectories for the four
samples with 4, 6, 8 and 10 mm in thickness are obtained by the
Eq. (5) mentioned above as shown in Fig. 6. It can be seen from
Fig. 6 that the four points locate just on a straight line in a good
approximation, which can be fitted well by a linear equation
between the time [t(μm)] and distance [x(mm)] as follows
t x= +0 198 0 105. . (6)
From Eq. (6), it can also be seen that there exists an initial
delay time for the failure wave on the impact surface, which is
about 0.105 μs. This delay failure mechanism is considered to
be related to the evolution of microdetects under impact
loading, such as microcracks growth and accumulation, etc.,
which was discussed in our earlier works [13].
The propagating velocity of failure wave in test alumina can be
also obtained from the trajectory,which is the slope of the trajectory
curve about 5.051 km/s in Fig. 6.This velocity is apparently higher
than those of the failure waves observed in the shocked glasses,
where they are usually 1–3 km/s [7,10–12]. The formation
mechanismof failurewaves in shockedglasses is always interpreted
as the activation and growth of microcracks on the impact surface
[7,15]. From this point of view, the propagating velocity of failure
wave should be slower than the limiting growth velocity of crack
which is always slower than Rayleigh wave velocity [28]. Once the
velocityof cracks reaches a limitedvaluewhich ismuchslower than
Rayleigh wave velocity, they tend to branch out [29].The Rayleigh
wave velocity in tested alumina can be calculated directly by the
shear wave velocity and the Poisson’s ratio as follows [28]
c
v
v
cR s km s=
+
+
≈
0 862 1 14
1
5 067
. .
. (7)
Fig. 4. HEL vs. thickness for tested alumina.
Fig. 5. The time–distance diagram for failure wave. Fig. 6. Experimental data and its linear fitting line.
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It is shown that the failure wave velocity measured in tested
alumina is very close to the Rayleigh wave velocity. Thus, the
formation mechanism of failure waves in shocked alumina may
be different from that in shocked glass.
According to the SEM micrographs of alumina sample
shown in Fig. 7, it is known that the microstructure of alumina
consists of alumina grains, pores and intergranular glassy
phase. The grains and pores distribute randomly with the diam-
eters of 1–15 μm. Intergranular glassy phase is distinct in a
compact area. Pores and glassy phase weaken the mechanical
capabilities of alumina, and these heterogeneous microstruc-
tures act as the stress concentrators. It has been well known that
a high shear stress would be produced due to the large confining
stress under the uniaxial strain loading. The localized stress
concentrations are expected to arise from the propagation of
cracks and flaws at grain boundaries. The failure is proposed to
proceed essentially through rapid in situ grain boundary
microcracks nucleation and comminution with very limited
crack growth after a delay time once a shock wave travels
through the sample. As the microcracks in situ nucleate in the
stressed alumina and do not need time to transmit from the
impact surface, the failure front with lower dynamic impedance
in the shocked alumina could be detected much earlier from the
rear surface, and it therefore gives a higher observed failure
wave velocity. This failure mechanism is different from that in
the shocked glass, but similar to that in the shocked rocks [30].
4. Summary
In this paper, the plate impact experiments were performed
on aluminas with different thicknesses, and the free surface
velocity histories of alumina samples were traced by VISAR
technique. The HELs of tested alumina were obtained from the
temporal curves of free surface velocity. We found an elastic
precursor decay phenomenon in shocked alumina, and
proposed that the physical mechanism of this phenomenon was
related to the failure processes of shocked alumina occurring
below HEL. Moreover, a simple model was applied to describe
this phenomenon. In addition, the failure wave trajectory was
derived from the free surface velocity histories, which pre-
sented the failure wave velocity of about 5.051 km/s under the
given impact loading. The formation mechanism of failure
waves in shocked alumina was proposed to proceed essentially
through rapid in situ grain boundary microcracks nucleation,
which was different from that in shocked glass.
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